Abstract COLANTUONI, CARLO, PEDRO RADA, JOSEPH Mc-CARTHY, CAROLINE PATTEN, NICOLE M. AVENA, ANDREW CHADEAYNE, AND BARTLEY G. HOEBEL. Evidence that intermittent, excessive sugar intake causes endogenous opiod dependence. Obes Res. 2002;10:478 -488. Objective: The goal was to determine whether withdrawal from sugar can cause signs of opioid dependence. Because palatable food stimulates neural systems that are implicated in drug addiction, it was hypothesized that intermittent, excessive sugar intake might create dependency, as indicated by withdrawal signs. Research Methods and Procedures: Male rats were fooddeprived for 12 hours daily, including 4 hours in the early dark, and then offered highly palatable 25% glucose in addition to chow for the next 12 hours. Withdrawal was induced by naloxone or food deprivation. Withdrawal signs were measured by observation, ultrasonic recordings, elevated plus maze tests, and in vivo microdialysis. Results: Naloxone (20 mg/kg intraperitoneally) caused somatic signs, such as teeth chattering, forepaw tremor, and head shakes. Food deprivation for 24 hours caused spontaneous withdrawal signs, such as teeth chattering. Naloxone (3 mg/kg subcutaneously) caused reduced time on the exposed arm of an elevated plus maze, where again significant teeth chattering was recorded. The plus maze anxiety effect was replicated with four control groups for comparison. Accumbens microdialysis revealed that naloxone (10 and 20 mg/kg intraperitoneally) decreased extracellular dopamine (DA), while dose-dependently increasing acetylcholine (ACh). The naloxone-induced DA/ACh imbalance was replicated with 10% sucrose and 3 mg/kg naloxone subcutaneously. Discussion: Repeated, excessive intake of sugar created a state in which an opioid antagonist caused behavioral and neurochemical signs of opioid withdrawal. The indices of anxiety and DA/ACh imbalance were qualitatively similar to withdrawal from morphine or nicotine, suggesting that the rats had become sugar-dependent.
Introduction
Palatable foods release brain opioids and dopamine in the limbic system (1) (2) (3) . For example, a tasty food can activate opioid receptors in the ventral tegmental area (VTA) and thereby stimulate cells that release dopamine in the nucleus accumbens (NAc) (4) . Conversely, opiates or dopamine injected into the NAc can stimulate animals to eat palatable food (5) (6) (7) . Injections of this type can reinforce behavior, as evidenced by rats that self-inject opiates in the VTA and self-inject dopaminergic drugs or opiates in the NAc (8 -12) . Thus, opioid and dopamine synapses in the mesolimbic system may play important roles in the reinforcement of behavior by natural rewards, such as food (13) (14) (15) . Because evidence suggests that drugs of abuse can create dependency via this system (15, 16) , it was hypothesized that palatable foods might also create dependency under appropriate conditions. Specifically, bingeing on a very palatable food, such as sugar, was predicted to cause dependency as defined by naloxone-induced withdrawal.
The first stage of dependency is expressed when animals escalate their intake of a substance and show underlying neurochemical changes indicative of sensitization or tolerance. In the eating disorder model of Hagan and Moss (17) , rats that were raised from a young age with periodic food restriction and refeeding, became sensitized to opiate-induced food intake. Such animals were also prone to self-administer cocaine (18) . To develop a more rapid model, we deprived adult rats of food for 12 hours daily, including the early-dark period, and then gave them access to 25% glucose and chow for the next 12 hours for 1 to 4 weeks. Their glucose intake gradually doubled, and they learned to drink large amounts of glucose in the first hour of daily access (19, 20) . After a month on this schedule, autoradiography performed on brain sections of female rats showed dopamine D-1 and opioid receptors were altered in several regions, including significantly increased binding in the NAc (19, 20) . In a similar model of binge eating, rats on a schedule of intermittent deprivation and a palatable highfat diet learned to eat excessive amounts at the onset of daily food access (21) . Thus, it seems that either a palatable sugar or fat-rich diet can effectively induce bingeing under the appropriate access schedule.
The second stage of dependency is the emergence of withdrawal symptoms. In the case of opiate dependency, withdrawal can be precipitated with an opioid receptor antagonist such as naloxone. Morphine withdrawal is characterized by autonomic nervous system abnormalities and physical signs such as changes in body temperature, tremors, and shakes (22) . Behavioral manifestations that include ultrasonic, distress vocalizations (23) , and expressions of anxiety (22, 24) also have been observed. Withdrawal from food was first reported by Le Magnen (25) who found that rats on a palatable, cafeteria diet displayed body shakes when administered naloxone. Food withdrawal was discovered independently as part of this study using rats on a diet of intermittent glucose and chow.
There are also neurochemical changes associated with withdrawal. For example, in naive rats, an initial injection of morphine releases dopamine (DA) and lowers extracellular acetylcholine (ACh) in the NAc (26, 27) . After repeated morphine administration, the ACh effect diminishes, suggesting tolerance (28, 29) . This can be overcome by escalating doses of morphine (30) . Subsequent administration of naloxone, locally or directly in the NAc, reveals opiate dependence by triggering the opposite state, which is the release of ACh and a decrease in extracellular DA (28 -30) . For this study, it was hypothesized that bingeing on sugar would lead to both behavioral and neurochemical signs of withdrawal in response to naloxone. Preliminary reports of the results have been published (31) (32) (33) (34) (35) (36) .
Research Methods and Procedures

Experiment 1
Male Sprague-Dawley rats from the Princeton University vivarium were housed on a 12-hour light, 12-hour dark cycle in individual cages. Water was available ad libitum. The rats in the main experimental group were maintained on a daily cycle of laboratory chow and 25% aqueous glucose available for 12 hours each day beginning 4 hours after the onset of the dark period. For the other 12 hours each day, they were deprived of food. Control groups are specified in experiments below. All procedures were approved by the Institutional Animal Care and Use Committee.
Experiment 1A: Feeding Behavior of Males on CyclicGlucose/Chow. As a preliminary test to determine how much and when males would consume glucose and chow on the experimental schedule, males (n ϭ 6) weighing 300 to 475 g were maintained on cyclic glucose and chow for 8 days, as described above. Glucose and chow intakes were measured after 1, 2, 3, and 12 hours of access on days 1, 4, and 8. Glucose intakes were analyzed by two-way ANOVA (hour ϫ day) and chow intake by one-way ANOVA. Dunnett Multiple Comparison post hoc tests were used for both analyses.
Experiment 1B: Somatic Signs During Precipitated Withdrawal. Male rats (n ϭ 16) weighing 300 to 475 g were maintained on cyclic glucose and chow for 8 days, and control rats (n ϭ 16) received ad libitum chow. On day 9, after the usual 12-hour deprivation period, instead of receiving glucose and chow, the rats were placed in individual tilt cages for 20 minutes, and observers blind to the experimental condition counted baseline frequency of rearing, grooming, cage crossing, teeth chattering, head shaking, forepaw tremors, and wet-dog shakes. Next the rats received an injection of naloxone [20 mg/kg intraperitoneally (IP), n ϭ 8] or saline vehicle (n ϭ 8) and were observed for another 20 minutes. Control rats in the ad libitum chow group were food-deprived for 12 hours, put in the tilt cages, observed in the same way, and given the same injections (naloxone, n ϭ 8; saline, n ϭ 8). The 12-hour period of food deprivation was included for the control group to exclude the possibility that acute food deprivation caused the observed effects. Statistical analysis was performed by two-way ANOVA (drug treatment ϫ somatic sign) followed by post hoc Bonferroni test. For a replication of the teeth-chattering measurement with a lower dose of naloxone under different conditions see Experiment 2B.
Experiment 1C: Somatic Signs during Spontaneous Withdrawal. The 16 saline-injected rats from Experiment 1B, 8 experimental and 8 control, were tested for the emergence of spontaneous withdrawal during 20-minute observations. Measurements were taken after the usual 12-hour food deprivation when they received the saline injection, and then again after 24 hours and 36 hours of food deprivation. Statistical analysis was performed by two-way ANOVA (time ϫ somatic sign) followed by post hoc Bonferroni test to determine differences from the 12-hour deprivation condition.
Experiment 2
Experiment 2A: Ultrasonic Vocalization. Males (n ϭ 60) were housed three per large cage for 28 days while given four different dietary schedules for comparison: cyclic glucose and chow (n ϭ 24), cyclic chow (n ϭ 12), ad libitum Sugar Dependency in Rats, Colantuoni et al. glucose and chow (n ϭ 12), and ad libitum chow (n ϭ 12). One-half of the cyclic-glucose/chow group received an injection of naloxone [3 mg/kg subcutaneously (SC) n ϭ 12] and the other one-half received a saline injection (n ϭ 12). The other three groups received naloxone (3 mg/kg SC). After the injection, each rat was placed in a clear plastic cylinder (8 ϫ 20 cm). An air puff (10 Ϯ 5 psi) was directed through a hole in the cylinder at the scruff of the rat's neck once per minute for 5 minutes of gentle confinement. Then a computerized ultrasonic detector (Noldus Information Technology, Leesburg, VA) recorded and analyzed the number of 20 kHz vocalizations lasting at least 0.075 seconds separated by 0.05 seconds for the next 4 minutes. Significance was judged by Wilcoxon nonparametric test for unpaired replicates. This procedure and the statistical analysis are similar to that used by others to detect ultrasonic vocalizations during withdrawal from drugs of abuse (22) .
Experiment 2B: Elevated Plus Maze. Each rat from the ultrasonic-vocalization test was transferred 5 minutes later to an elevated plus-shaped maze. The apparatus had four arms 10 cm wide ϫ 50 cm long and 2 ft above the floor. Two opposite arms were enclosed by high opaque walls, and the other two arms had no walls. The rats were placed in the center facing an open arm. During a 5-minute test, the time spent with all four feet on an open arm was recorded with a stopwatch by an observer blind to the experimental condition. Data from rats receiving naloxone were analyzed by one-way ANOVA with Dunnett Multiple Comparison post hoc test. The two cyclicglucose/chow groups, one with saline and one with naloxone, were compared by Student's t test.
Experiment 2C: Somatic Signs. While each rat was in the plus maze, instances of audible teeth chatter were recorded by the condition-blind observer. Data were analyzed as in Experiment 2B.
Experiment 3: Elevated Plus Maze, Replication
Single-housed male rats (n ϭ 12/group) were given one of the following five diets for 32 to 36 days. 1) Cyclic glucose and chow: animals in this main experimental group were maintained on a daily cycle of intermittent access to 25% aqueous glucose and laboratory chow for 12 hours each day beginning 4 hours after the onset of the dark period, as usual; 2) ad libitum glucose and chow, i.e., 24-hour access to both foods; 3) cyclic glucose: daily 12-hour glucose with 4-hour delay in the dark and ad libitum chow; 4) cyclic chow: daily 12-hour chow starting 4 hours into the dark period with no glucose; and 5) ad libitum chow: the basic control group. Glucose intake was measured daily and body weight recorded every third day.
Between days 33 and 36, in the dark when the foodcycled groups usually would be fed, each rat received naloxone (3 mg/kg SC) and was placed 15 minutes later in the center of the maze facing in a different direction on a random basis. The time a rat spent with four feet in an open arm, not facing into a closed arm, was recorded under red light by an observer blind to the experimental condition. If a rat fell off the maze, it was picked up and put back in the same spot on the maze. The maze was wiped with dilute alcohol after each rat. The procedure is similar to that used by other investigators as an index of withdrawal-induced anxiety (23) . Statistics were performed by contrast ANOVA.
Experiment 4: Accumbens DA and ACh during Glucose Withdrawal
Surgery. Animals for microdialysis in Experiments 4 and 5 were anesthetized with xylazine (10 mg/kg IP) supplemented by ketamine (40 mg/kg IP). Bilateral 21-gauge stainless steel guide shafts aimed at the posterior medial NAc were stereotaxically implanted as follows: NAc: B ϩ 1.2, L 1.2, V 4.0 with reference to bregma, midsagittal sinus, and the surface of the level skull, respectively. Guide shafts were kept patent with 26-gauge stylets. Microdialysis probes, which were inserted later, extended 5 mm beyond the guide shafts to reach the NAc, on the border of the shell and core, but largely in the shell. The rats recovered at least 1 week before being put on a feeding schedule.
Microdialysis Probes and Perfusate. Probes were constructed of silica glass tubing (37 m inner diameter) inside a 26-gauge stainless steel tube with a microdialysis tip of cellulose tubing (Spectrum Medical Co., Rancho Dominguez, CA) sealed at the end with epoxy cement (6000 MW cutoff, 0.2 mm outer diameter ϫ 2 mm long). Probes were inserted and fixed in place 14 to 16 hours before the experiment and perfused at 0.5 L/min overnight to allow neurotransmitter recovery to stabilize. During the experiment, probes were perfused with buffered Ringer's solution (142 mM NaCl, 3.9 mM KCl, 1.2 mM CaCl 2 , 1.0 mM MgCl 2 , 1.35 mM Na 2 HPO 4 , and 0.3 mM NaH 2 PO 4 , pH 7.3) at a flow rate of 2.0 L/min. Neostigmine at a low concentration (0.3 M; Sigma, St. Louis, MO) was added to the perfusion fluid to improve recovery of ACh by hindering its enzymatic degradation while still allowing the extracellular concentration of ACh to vary up or down as a result of opioid withdrawal.
DA Assay. DA content in microdialysates was analyzed by reverse phase, high performance liquid chromatography coupled to electrochemical detection (HPLC-EC). Samples were injected immediately into an HPLC system that used a 20-L sample loop leading to a 10-cm column with 3.2 mm-bore and 3 m, C-18 packing (Brownlee Co. Model 6213; San Jose, CA). The mobile phase contained 60 mM sodium phosphate, 100 M EDTA, 1.24 mM heptanesulfonic acid, and 5% to 6% vol/vol methanol. DA was measured with a coulometric detector (ESA Co. Model 5100A; Chelmsford, MA) with the conditioning cell potential set at ϩ500 mV, and working cell potential at Ϫ400 mV.
ACh Assay. ACh was measured by a reverse phase HPLC system using a 20-L sample loop with a 10-cm C18 analytical column (Chrompack Inc., Palo Alto, CA). ACh was converted to betaine and hydrogen peroxide by an immobilized enzyme reactor (acetylcholinesterase and choline oxidase from Sigma; columns from Chrompack Inc.). The mobile phase was 200 mM potassium phosphate at pH 8.0. An amperometric detector (EG&G Princeton Applied Research, Lawrenceville, NJ) was used. The hydrogen peroxide was oxidized on a platinum electrode (BAS, West Lafayette, IN) set at 0.5 V with respect to a Ag-AgCl reference electrode (EG&G Princeton Applied Research).
Microdialysis Procedure. In Experiment 4, three groups of male rats were maintained on a 12-hour cycle of glucose and chow for 28 days, and a control group was given free access to chow (n ϭ 5 to 8/group). The microdialysis procedure was performed 4 hours into the dark period at the time when the cycled rats would normally have received glucose and chow. The rats had no access to food during dialysis sessions, but water was available. Microdialysis samples (40 L) were divided in half to conduct both DA and ACh assays with the 20-minute samples. After establishing consistent baseline levels of DA and ACh for at least 60 minutes, groups received naloxone (10 or 20 mg/kg IP) or saline (equal volume). Microdialysis samples were collected for 80 minutes after injection. Microdialysis data were converted to the percentage of the mean of the three successive baseline samples and analyzed by ANOVA for repeated measures (condition ϫ time) with Newman-Keuls post hoc tests when justified.
Experiment 5: Accumbens DA and ACh during Sucrose Withdrawal
This was a replication of Experiment 4 using 10% sucrose, instead of 25% glucose, and a lower dose of naloxone (3 mg/kg SC) to match the dose in Experiments 2 and 3. The experimental group (n ϭ 6) received cyclic sucrose and chow and the control group (n ϭ 6) was fed ad libitum chow for 21 days. Data for DA and ACh in split 20-minute samples were converted to the percentage of the mean of three successive baseline samples and analyzed by ANOVA with Bonferroni's post hoc tests.
Subjects received an overdose of sodium pentobarbital before perfusion with 0.9% saline solution followed by formalin. Brains were removed, frozen, and sectioned at 40 microns to identify probe tracks.
Results
Experiment 1A: Glucose and Chow Intake Table 1 shows glucose intake during the first, second, and third hours of access. Two features of the data stand out. The rats consumed a large amount of glucose in the first hour of access after being deprived for 12 hours, and the amount increased from 5 mL on day 1 to 16 mL on day 8 (F (2,17) ϭ 6.64, p Ͻ 0.01). Total 12-hour glucose intake increased from 30 to 79 mL (F (2,17) ϭ 11.5, p Ͻ 0.01). Daily chow intake also escalated significantly during the three measurement periods (F (2, 17) ϭ 30.69, p Ͻ 0.01, Table 1 ). Body weight decreased during the first 4 days and then returned to normal by the end of the 8 days.
Experiment 1B: Somatic Signs during Precipitated Withdrawal
Male rats (n ϭ 8/group) were given glucose and chow for 12 hours each day and then received naloxone (20 mg/kg IP) or saline on day 9 at the end of the 12-hour deprivation. They showed an increase in the incidences of teeth chattering, forepaw tremor, and head shaking. This was significant (F (1, 56) ϭ 40.90, p Ͻ 0.01) in the cyclic glucose/chow group compared with a similar group given saline injections (Figure 1A , left bar graph). Naloxone was not different than saline in the control rats that had been fed chow ad libitum ( Figure 1A , right hand bar graph).
Experiment 1C: Somatic Signs during Spontaneous Withdrawal
The saline-injected rats in Figure 1A , left (n ϭ 8/group) were food-deprived for an additional 12 hours (24 hours total), at which time ( Figure 1B ), teeth chatter, forepaw tremor, and head shaking emerged spontaneously. These signs of withdrawal were observed again after 36 hours of deprivation ( Figure 1B ; F (2,84) ϭ 7.3, p Ͻ 0.001). There was a lack of these effects in the chow-fed control group that was food-deprived for an equal length of time and that lost body weight at an equal rate ( Figure 1B , lower graph).
Experiment 2A: Ultrasonic Vocalization
This experiment was designed to replicate Experiment 1A with a lower dose of naloxone and to look for other signs of withdrawal. In rats (n ϭ 12/group) that had been group housed on the 12-hour schedule of cyclic glucose and chow, naloxone administered (3 mg/kg SC) when the rats had been without food for 12 to 14 hours, caused three signs of anxiety characteristic of withdrawal. In Experiment 2A, ultrasonic vocalizations at 20 kHz were detected in each group that received naloxone. This occurred in 50% of the cyclic glucose-chow rats, compared with 44% of the cyclic chow rats, 33% of the ad lib glucose rats and 37% of the ad lib chow group. Although significant (p Ͻ 0.05) based on nonparametric statistics, the effect was minimal.
Experiment 2B: Anxiety in an Elevated Plus Maze
When the same rats were transferred to the plus maze, the cyclic-glucose/chow rats given naloxone spent significantly less time venturing onto the exposed arms than any of the other three naloxone-treated groups (F (3,37) ϭ 2.95, p Ͻ 0.05, black bars in Figure 2 , lower graph). However, the On the left, naloxone (20 mg/kg intraperitoneally) precipitated significantly more withdrawal signs than saline when administered to rats with a history of daily 12-hour food deprivation and 12-hour access to glucose and chow (*p Ͻ 0.05, **p Ͻ 0.01). At the right, the same dose of naloxone or saline had no significant effect when administered to a control group maintained on ad libitum chow. (B) Spontaneous withdrawal. Rats that had been on the cyclic-glucose/chow diet showed a significant increase in spontaneous withdrawal signs after 24 and 36 hours of food deprivation, compared with the same rats at 12 hours, or compared with the control group that had free access to chow (*p Ͻ 0.05). Body weight decreased similarly in both groups as indicated by the scale at the right. Sugar Dependency in Rats, Colantuoni et al. difference between the cyclic-glucose/chow group given naloxone and the similar group given saline did not reach significance (black vs. white bar in Figure 2 , lower left).
Experiment 2C: Teeth Chattering
While the above rats were in the plus maze, the cyclicglucose/chow rats given naloxone exhibited significantly more bouts of audible teeth chattering than the other three groups (F (3, 37) ϭ 3.95, p Ͻ 0.05) and more teeth chattering than those given saline (black vs. white bar in Figure 2 , upper left; t (10) ϭ 2.49, p Ͻ 0.05).
Experiment 3: Sugar Intake, Body Weight, and Anxiety, Replication
This experiment replicated the plus-maze test, but without the preliminary procedure for inducing ultrasonic calls. In this case, rats (n ϭ 12/group) were housed singly on one of five different feeding regimens for 1 month. Figure 3 (upper graph) shows that the mean glucose intake increased gradually for all groups that had glucose and reached an asymptote after 8 to 10 days as reported earlier for females (20) . Body weight decreased during the first 8 days for the two groups on the 12-hour cyclic schedules and then weight resumed its normal rate of gain ( Figure 3 , lower graph).
After 1 month, rats in all groups received 3 mg/kg naloxone SC at the time of day when the intermittent-fed rats had been deprived for the usual 12 hours. As shown in Figure 4 , the cyclic-glucose group spent significantly less time on the open arm of the elevated plus maze than did the ad libitum chow group (F (1,49) ϭ 2.19, p Ͻ 0.05).
Experiment 4: Accumbens DA/ACh Imbalance
Microdialysis showed that naloxone injection in cyclicglucose/chow rats caused marked changes in the balance of DA and ACh in the NAc ( Figure 5 ). Naloxone at two doses (10 and 20 mg/kg; n ϭ 8 and 6/group, respectively) caused extracellular ACh to increase significantly to 118% and 134% of baseline, respectively (F (18, 126) ϭ 4.388; p Ͻ 0.001). At the same time, DA decreased significantly to 80% and 73% of baseline (F (18, 126) ϭ 3.738; p Ͻ 0.001). The effect of naloxone on ACh was dose related. As seen in Figure 4 , there was no effect of naloxone in rats fed ordinary chow.
Experiment 5: Accumbens DA/ACh Imbalance, Replication
The microdialysis study was repeated in new groups of rats with 3 mg/kg of naloxone. Male rats were maintained on the 12-hour experimental feeding schedule for 21 days, using 10% sucrose instead of 25% glucose. Daily intake of sucrose nearly tripled, from 37 mL on day 1 to 112 mL on day 21. When given naloxone, extracellular DA decreased to 82% of baseline (F (1,56) ϭ 7.35, p Ͻ 0.01) and ACh increased to 157% of baseline (F (1, 70) ϭ 16.23, p Ͻ 0.01) in the cyclic-sucrose/chow rats, but not in the ad libitum chow group ( Figure 6 ).
Histology showed that the microdialysis probes were primarily in the NAc shell ( Figure 7) .
Discussion
In brief, the results demonstrate that daily exposure to food deprivation followed by excessive glucose intake can alter the central nervous system. Spontaneous withdrawal caused by a 24-hour fast led to minor withdrawal symptoms in the form of teeth chatter, tremor, and shakes. When withdrawal was precipitated with naloxone, signs of anxiety were also observed, and there was a reversal of DA/ ACh balance in the NAc that was similar to morphine withdrawal.
The doses of naloxone used in this study will precipitate withdrawal in morphine-treated rats (28) , although much lower doses are also effective with morphine (37, 38) . The effective doses in the cyclic-glucose/chow rats were 10 mg/kg IP and 3 mg/kg SC. Classic, somatic signs of opiate withdrawal include teeth chattering, piloerection, diarrhea, head shaking, and wet-dog shakes. Some of these may require a drug such as morphine that acts on opiate receptors in the intestines and elsewhere throughout the body. Other symptoms are generated in the hindbrain centers for autonomic control (39) . However, in terms of a psychological addiction, the most relevant withdrawal symptoms would be signs such as anxiety, aversion, depression, or dysphoria as predicted by the opponent process theory (40, 41) . Anxiety is a sign of withdrawal from most drugs of abuse (21) and may be reflected in the 20-kHz ultrasonic call of rats (22) and in their avoidance of dangerous locations in an elevated plus maze (23) . Both somatic signs and the anxiety were observed during withdrawal in this study after exposure to the deprivation/refeeding regimen.
Further research will be needed to establish the most potent diet and eating schedule for producing these dependency effects. As shown in Figure 3 for males and in our previous article for females (20) , rats will gradually escalate their intake of glucose regardless whether it is given ad libitum or for 12 h/d. However, there seems to be more to the phenomenon than just consuming large amounts of sugar. Intermittency may be an important factor. Food deprivation can release opioids (42) , and deprivation promotes eating in a large binge when the food becomes available (20, 30) . This was evident in these data ( Table 1) , showing that males on the intermittent cycle consumed 16 mL of 25% glucose in the first hour of access.
Underlying withdrawal, there must be neurochemical changes in the brain's emotion or motivation systems. We reported that rats bingeing on sugar have up-regulation of both D-1 and receptors in the accumbens shell. This is one of several forebrain sites in which naloxone will precipitate signs of withdrawal (28, 43, 44) . This study shows that during naloxone-precipitated withdrawal, sugar-treated rats display a rise in extracellular ACh, whereas DA decreases. This DA/ACh imbalance is characteristic of intermittent morphine followed by naloxone (28) and was also found with nicotine followed by a nicotine receptor antagonist mecamylamine (45) . This suggests that withdrawal from sugar shares features with withdrawal from morphine and nicotine, and in this respect, they all have a common basis. Dependence on naturally activated endogenous opioids is a clear possibility based on these results and earlier evidence (29, 46) . Palatable foods and addictive drugs bear many interesting similarities. For example, food restriction enhances the reinforcing effect of both food and drugs, such as cocaine, alcohol, or opiates (47) (48) (49) . Animals may take less of these drugs if there is saccharin to drink (50) . A sweet flavor can suppress pain (51, 52) , or it can potentiate opiate-induced analgesia (53) , and opiate analgesics can potentiate ingestion of sweet flavors (54) . Logically, a drug such as naloxone, which blocks brain opioid receptors, will reduce sugar intake (51,54 -56) . The importance of endogenous opioids for palatability is shown by the finding that naloxone can reduce intake of a preferred food without affecting intake of ordinary chow (57) (58) (59) (60) .
The behavioral paradigm used in this study shares some aspects with a pattern of ingestive behavior self-imposed by people diagnosed with binge-eating disorder or bulimia nervosa. Bulimics often restrict intake early in the day and then binge later in the afternoon or evening. Having achieved the effects of this behavior, some bulimics then purge the food, and others do not. The rats in this model were deprived of food during their period of sleep and the early hours normally devoted to the most vigorous caloric intake (onset of darkness). After this delay, they were allowed access to highly palatable food. Based on the previous article (20) showing up-regulation of accumbens dopamine D-1 and opioid receptors, it is probable that the rats were sensitized to food stimuli that act via these receptors. Such neurochemical changes, particularly in the NAc, could reflect underlying molecular changes, which have been proposed to cause addiction (16) . These same processes could underlie the increased frequency of comorbid drug abuse and food abuse observed in bulimic individuals (61, 62) .
Marrazzi and Luby (42) put forward a hypothesis of "auto-addiction" in anorexia in which endogenous opioid peptides mediate an addiction to starvation. In contrast, these results suggest that intense opioid and DA activation during intermittent overingestion of palatable food sensitizes reinforcement systems on a background of lowered DA activity. This may lead to dependency on the palatable food to release opioids and DA. These theories are not mutually exclusive. It is likely that food deprivation activates opioid systems in the hindbrain parabrachial region (63) , and palatable food activates -opioid systems in the nucleus tractus solitarius (63), midbrain VTA (64), amygdala (65) , and NAc (5), with any or all of these sites contributing to food dependency. The hypothalamus is also involved in opioid control of food intake (66 -68) , so there is no reason to believe one brain region accounts for all aspects of addictive eating disorders, and one cannot assume that all eating disorders involve aspects of addiction.
Everyone depends on food. Under normal circumstances, this may not involve the severe conditions of alternating deprivation and feasting that contribute to an abnormal state. Steady access to a palatable food results in diminished DA release in the NAc (69) , which would lesson the chances of abnormal dependency. In contrast, the neuro- Sugar Dependency in Rats, Colantuoni et al. chemical adaptations observed in the present model, when fasting and bingeing alternate, may overcome this normal habituation process, sensitizing the individual to the DAand opioid-activating properties of palatable foods. This could be followed by the withdrawal symptoms, which promote self-medication by bingeing, and hence, rendering the behavior an eating disorder.
In conclusion, behavioral and neurochemical signs of opioid withdrawal in rats consuming sugar suggest the emergence of substance dependence. This rat model seems to apply to some aspects of human eating disorders. It also has relevance to the survival value of opioid-based motivation and reinforcement that is activated by highly caloric food encoded as being palatable in an environment where food is scarce (70) . Some of the neurochemical adaptations that accompany this eating pattern (20) seem to parallel changes observed in stimulant sensitization (71, 72) and may be causally linked to the behavioral changes observed during withdrawal. In summary, an opioid-mediated dependence on sugar has been demonstrated at both the behavioral and neurochemical level. The withdrawal signs observed in this study suggest that dependence on endogenous opioids can develop during the ingestion of very palatable food on some eating schedules.
